Evidence of Structural Strain in Epitaxial Graphene Layers on 6H-SiC(0001) 
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The early stages of epitaxial graphene layer growth on the Si-terminated 6H-SiC(0001) are inves- 
tigated by Auger electron spectroscopy (AES) and depolarized Raman spectroscopy. The selection 
of the depolarized component of the scattered light results in a significant increase in the C-C bond 
signal over the second order SiC Raman signal, which allows to resolve submonolayer growth, in- 
cluding individual, localized C=C dimers in a diamond- like carbon matrix for AES C/Si ratio of ~3, 
and a strained graphene layer with delocalized electrons and Dirac single-band dispersion for AES 
C/Si ratio >6. The linear strain, measured at room temperature, is found to be compressive, which 
can be attributed to the large difference between the coefficients of thermal expansion of graphene 
and SiC. The magnitude of the compressive strain can be varied by adjusting the growth time at 
fixed annealing temperature. 

PACS numbers: 81.05.Uw, 65.40.De, 78.67.-n, 78.30.-j 



Graphene has been shown recently to possess many 
of the remarkable electronic properties of carbon nan- 
otubes [1], while lending itself more readily to the pla- 
nar paradigm of integrated-circuit fabrication processes. 
Epitaxial graphene (epigraphene) on silicon carbide (SiC) 
surfaces is emerging as an attractive process alternative 
to the painstaking layer-by-layer exfoliation of graphite 
crystals [1, 2, 3, 4, 5]. Epigraphene shares the key elec- 
tron transport properties of free-standing exfoliated films 
[1, 2, 3]. However, in contrast to the exfoliated films, new 
features in the electronic structures appear in epitaxial 
graphene grown on the (0001) surface of 6H-SiC, whose 
origins remain controversial [6, 7, 8, 9]. The novel elec- 
tronic properties and the choice of the type of substrate 
are significant for the design of nonlinear devices and 
underscores the importance of substrate interactions in 
epitaxial films. This Letter is focussed on Si-terminated 
6H-SiC(0001). 

The interaction of epigraphene with SiC substrate is 
mediated by a monolayer of C atoms, so called "buffer 
layer" , arranged in a honeycomb lattice, like graphene, 
but bonded in sp 3 configuration, with each atom form- 
ing a covalent bond to a Si atom beneath [5] . This buffer 
layer evolves from C-rich, high temperature surface re- 
constructions of 6H-SiC (0001) upon thermal desorption 
of Si atoms around T=1100 °C. Annealing to higher tem- 
perature (1250 °C) results in further desorption of Si, 
which promotes the formation of a second carbon layer, 
and deprives the original (topmost) carbon atoms of their 
covalent bonds to Si atoms, inducing sp 2 bonding config- 
uration, i.e., into that of a graphene layer [2, 10]. This 
paper presents a detailed investigation of the processes 
by which Si loss occurs, and its effect on the bonding, 
electronic and mechanical properties of the resulting car- 
bon film. Our observations are made possible by the 
polarization analysis of the Raman signal from the sam- 
ple surface. Although unpolarized Raman spectroscopy 
has been widely used in characterizing graphene layers 



[11, 12, 13, 14, 15, 16, 17, 18, 19], this is, to the best our 
knowledge, the first time that depolarized Raman light 
has been employed to study epitaxial graphene films. 
This experimental approach is instrumental in resolving 
the epilayer signal over the background substrate contri- 
bution. 

Specifically, we have been able to resolve [in terms 
of C/Si surface composition ratio determined by Auger 
electron spectroscopy (AES)] the formation of covalently 
bonded C=C dimers at the initial stages of carboniza- 
tion, followed by the growth of submonolayer islands 
[20, 21] with delocalized electronic states, and finally by a 
fully developed graphene layer, which supports extended 
states with simple (single-band) Dirac states. Moreover, 
we report the observation of compressive strain in epi- 
taxial graphene films at room temperature. This strain 
is a consequence of the strong pinning provided by the 
(0001) surface [22] and results from the competition of 
two separate phenomena, which balance only partially. 
The first is the slight mismatch between the lattice con- 
stants of SiC and graphene at the synthesis temperature, 
which results in the epitaxial layer growing under slight 
tensile strain at high temperature. The second is the 
difference in thermal expansion coefficient between SiC 
(which contracts upon cooling) and graphene (which ex- 
pands). We emphasize that graphene synthesis is a high 
temperature process. Thus, ambient temperature plays 
no special role in the phase diagram of the epitaxial film. 
From this consideration alone, it would be a remarkable 
coincidence indeed if room temperature were the point of 
zero strain for the epitaxial monolayer. As it happens, it 
is not. 

Graphene epilayers were produced by thermal anneal- 
ing of the Si-face of 6H-SiC single crystals with (0001) 
orientation (CREE Research, Inc.). The specimens were 
cleaned ex-situ by repeated cycles comprising a UV-ozone 
treatment and a wet etch in concentrated hydrofluoric 
acid, followed by annealing under atmospheric pressure 
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FIG. 1: Effects of the scattering depolarization on the second 
order scattering from the 6H-SiC(0001) bulk, and with 1.5L 
epigraphene. The vertical dotted line indicates the position 
of the epigraphene G peak, ~1592 cm -1 . 



of 10% H2 in Ar at 1850 °C, to remove surface scratches 
and to leave a regularly stepped surface [4]. This treat- 
ment produced a sharp (3 x 3) low-energy electron diffrac- 
tion (LEED) pattern of the surface. The samples were 
heated in ultrahigh vacuum by electron bombardment 
from the backside and cooled down to room tempera- 
ture with cooling rate of < 1 Ks _1 . At room tempera- 
ture a threefold symmetric LEED pattern was observed, 
indicative of graphcnc formation, superimposed on the 
(6y/3 x 6^3)^30° pattern of the SiC surface reconstruc- 
tion [2, 10]. Epigraphene film thickness was controlled by 
selecting a specific annealing temperature [1, 2]. Follow- 
ing annealing, the surface C:Si ratio was obtained by AES 
[1, 2]. Raman spectra of the samples were acquired ex 
situ in a JYHoriba LabRAM spectrometer in backscat- 
tcring configuration (excitation line: 632.817 nm, laser 
power at the sample: <4 mW, beam spot: ~1 /im). For 
each individual sample, Raman spectra were acquired in 
several different locations. No significant lineshifts due 
to layer non-uniformities were detected, within the ex- 
perimental resolution. 

While Si atom loss and average elemental surface com- 
position are accurately monitored by AES, bonding con- 
figuration is best determined by vibrational spectroscopy. 
Raman scattering is a well-developed technique to in- 
vestigate bonding and structure of carbonaceous mate- 
rials [23, 24] and in some cases, even electronic prop- 
erties, owing to the strongly resonant character of its 
cross section in graphite [25, 26]. However, the SiC sub- 
strate vibrations overwhelm the unpolarized signal from 
carbon-rich surface reconstructions. This happens be- 
cause C=C bond vibrations are in the range of 1550-1650 
cm -1 , where they overlap with the strong second order 
Raman signal of SiC [27]. Here, however, we use the de- 
polarized scattering configuration, which is justified by 
considerations of crystal symmetry [28]. 

The unpolarized Raman spectra of clean 6H-SiC(0001) 



and with 1.5 layers of epitaxial graphene (AES C/Si ra- 
tio=6.4) are shown in Fig. 1 (dashed lines). In this Let- 
ter, we refer to the 0th layer as the buffer. The SiC 
spectrum displays a strong second order signal in the re- 
gion of interest (1500-1700 cm -1 ) in which the first order 
graphene peaks show up. The corresponding depolarized 
spectra of the clean 6H-SiC(0001) and 1.5 layers of epi- 
taxial graphene are shown in Fig. 1 (solid lines) confirm- 
ing the expectations of a large reduction in second order 
signal. On the other hand, the zone center optical phonon 
line of graphene is invariant under rotation of the inci- 
dent beam polarization with respect to the polarization 
of the analyzer, so that the depolarized signal is about 
one half as intense as the unpolarized one. Thus, the 
detection of submonolayer sp 2 bonding by Raman scat- 
tering on 6H-SiC (0001) becomes a distinct possibility in 
depolarized scattering configuration. 

Figures 2a, and 2b show the depolarized Raman spec- 
tra of a clean SiC sample, and of a series of epigraphene 
films on SiC samples obtained by annealing at various 
temperatures. The annealed samples are identified by 
their respective C/Si ratios measured by AES, which are 
2.7±0.1, 4.2±0.1, 7.0±0.2, and 11.0±0.2. These ratios 
correspond to (buffer), 0.5, and 1 and 1.5 carbon layers 
[ ]. In Fig. 2a, the Raman spectra are compared in the 
region 1250-1750 cm -1 . The depolarized SiC spectrum 
is nearly featureless, except for a broad feature around 
1500-1550 cm -1 , which make up the background signal 
common to all epitaxially grown samples. For reference, 
we marked with a dashed line the position of T point 
optical phonon (G line) at 1582 cm -1 , for a monolayer 
of exfoliated graphene [12]. In addition to the G line, 
a disorder-induced peak (D line, around 1330 enr 1 ) is 
visible in all graphene samples. This resonant D peak 
is particularly sensitive to the excitation frequency (the 
data shown here were acquired at 632.817 nm incident 
wave length). It appears much less pronounced (and 
blucshifted) at green or blue excitation source frequen- 
cies. 

The spectra of annealed SiC samples show several re- 
markable features. The G line (Fig. 2a) is found only 
in those samples for which the C/Si AES ratio is higher 
than 6, corresponding approximately to one carbon layer 
(in addition to the buffer layer) and thicker, whereas the 
buffer layer sample (0L) displays instead a band around 
1620 cm -1 . This is close to the vibrational frequency 
of isolated C=C dimers in a diamond-like (sp 3 -bonded) 
layer [24] . Mirroring the onset of the G line and its in- 
creasing intensity with increasing C/Si AES ratio, the 
amplitude of the D peak decreases very rapidly. 

The presence of the vibrational band around 1620 
cm -1 signals the incipient loss of subsurface Si atoms. 
An excess of dangling bonds develops in the topmost car- 
bon layer, which begins to reconstruct locally and bond in 
sp 2 configuration. The shift of the intensity to lower wave 
numbers (in the G line range, 1580-1600 cm -1 ) for the 
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FIG. 2: Depolarized Raman spectra of the a) D and G peak 
and b) 2D peak regions. The average thicknesses of the 
epigraphene films (grown for the same annealing time, 8 min) 
are determined by the C:Si AES intensity ratio. Dotted lines 
in panels a and b correspond to the position of the G and 2D 
peak respectively, for 1 layer exfoliated graphene [12]. The 
evolution of G and 2D Raman shifts lines corresponding to 
~1 layer are plotted as function of the annealing times (panel 
c). 



OL sample signals the formation of delocalized orbitals, 
i.e., of finite sized island of graphene. This scenario is 
confirmed by the appearance, at about the same cover- 
age, of a strong and relatively narrow 2D peak (see Fig. 
2b), indicative of an electronic structure dominated by 
a single band with Dirac dispersion [19]. With continu- 
ing Si dcsorption, and increasing carbon coverage, the G 



and 2D peaks become more intense, whereas the D peak 
intensity drops. Thus, the increasing thickness of the 
graphene film is accompanied by healing of the defects in 
the topmost layers. 

A remarkable feature in the spectra is a blue shift, with 
respect to exfoliated graphene, which is observed in both 
the G and the 2D lines in a ratio of about 1:3, for a 
specific layer thickness. Equally remarkable is the obser- 
vation that graphene growth time (i.e., the time for which 
the sample is held at the synthesis temperature) affects 
the magnitude of the blue shifts of both lines, as shown 
in Fig. 2c for ~1 layer. The simultaneous shifts in both 
G and 2D line shifts can only be attributed to a uniform 
(hydrostatic) compressive strain. The mode-dependent 
relation between peak shift Auj and strain tensor e is 
given by 



Auj 
uj 



(1) 



where 7 m is the mode Griinciscn parameter. For 
graphene, 70 ~ 1.8 and ~ 2.7 [29], implying a ra- 
tio in blue shifts of the G and 2D peaks of about 1:2.5, 
in good agreement with our measurements [30]. 

We exclude any significant contribution to the ob- 
served shifts induced by charge. Epitaxial graphene on 
6H-SiC is known to be negatively charged, with excess 
electron density of about 1.3 x 10 13 cm~ 2 . In exfoliated 
graphene, this doping level induces a blue shift of the 
G line of about 7 cm -1 , but does not appreciably shift 
the 2D peak [31]. The simultaneous shift of both lines, 
as well as the magnitude of the shifts observed at long 
annealing times, rule out charge transfer as the primary 
cause [32]. 

The origin of uniform compressive strain in epitaxial 
graphene is attributed to the large difference in the co- 
efficients of linear thermal expansion between SiC (cvsid 
measured [33]) and graphene (a gr , calculated [29]). This 
difference Aa(T) is nearly constant between room tem- 
perature (RT) and the graphene synthesis temperature, 
T s w 1250°C. If the epitaxial film grew in mechanical 
equilibrium with the SiC surface, that is, as a stress-free 
monolayer commensurate with the 6 x -\/3-reconstructed 
SiC surface at T s , a large compressive strain would de- 
velop in the film upon cooling, since SiC contracts on 
cooling, while graphene expands: 



1 



1 - e 



exp 



dT'AaiT') 



RT 



(2) 



The calculated linear compressive strain at RT is about 
0.8%. By equation (1), this strain corresponds to a shift 
of about 22 cm -1 for the G line, which is close to the 
values we observe for long annealing times. We con- 
clude that long annealing times, in excess of an hour, arc 
needed to produce graphene layers that are in mechanical 
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equilibrium with the substrate at the growth tempera- 
ture. Shorter times result in films that are formed under 
tensile stress [34]. 

In summary, we have investigated the epitaxial growth 
of graphene monolayers on the pinning 6H-SiC(0001) sur- 
face by AES and depolarized Raman spectroscopy. We 
have observed the thin graphene films at room tempera- 
ture under residual compressive strain. The strain results 
from a large difference in the thermal expansion coeffi- 
cients of graphene and SiC, and can be tuned by varying 
the growth time, between the theoretical maximum of 
about 0.8% and an empirical minimum value of 0.1%. 
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